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[LHC 2018: Thanks for all the data

4 LHC has produced 3 years of high 2 jz Aasonimo sty
> — 2011 pp Vs=7TeV —]
luminosity collisions at 13 TeV and result 8 gof — miem iszrana E
3 oy |3 I= - ——2017pp (s=13TeV ]
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operation. g (@) E
S “EATLAS
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34 -2 -1_ . 10F EL
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Data included from 2010-03-30 11:22 to 2018-10-24 04:00 UTC

- Exceeded peak designed luminosity by O i T 455
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WILLTAKE A
WHILETO DIGEST
ALLTHE DATA!

Most of the analyses to date
only use the data collected
up to 2016, with some
exceptional cases go to 2017.
Will have to wait a little bit
longer!
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Continue to ook for more: (un)expected decays/couplings,
multi-Higgs, charged Higgs, anything heavier, otec.



Reminder: Higgs Production & Decay
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Parameter value

boson consist with the SM expectations:

Obs. (Exp.)

Significance

5.40 (4.60)

S e d 2y <
440 (2.00) <

550010

2.60 (3.70) <

4 Almost all of the properties of the newly discovered

Global signal strength:

~ & / The Run-1 Legacy Paper:
JHEP 1608 (2016) 045 w/ 5153 authors, cited by >800 times already.
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'Run-1 Legacy: CMS+ATLAS Combination

d!

IScovere

To be d



Search for ttH Production

4 A probe to the top-Higgs coupling;:
- through the gluon fusion process, assumes
no BSM particles running in the loop

g

~ through the associated ttH production
directly at the tree level. J

4 Good at Run-2: cross section increases by 3.9x.

Higgs decay Branching fraction @ .. nctruct top pair in all possible

channel, with H—=bb /1t in addition.




data.

S /B distribution
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CMS ttH Results

4 CMS study of ttH production with
combining of all accessible Higgs
decays and full runl + 2016 run2

4 Observation of ttH production:

Test statistic vs. u

51107 (7 TeV) +19.7 b (8 TeV) + 35.9 fb™ (13 TeV)
T T T T

L L R B L AL IR (AL B L AL B T
L — Combined g
CMS ----- SM expected ]
C — 13 TeV 7]
- 520 — 7+8 TeV 2 ]

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

ttH

Ref. PRL 120 (2018) 23180

Sgl. Strength modifiers

5.1t (7 TeV) + 19.7 b (8 TeV) + 35.9 fb™ (13 TeV)

@® Observed
CMS = +10 (Stat @ syst)
L ) =10 (syst)
B 5 +20 (stat @ syst)
ttH(WW™) —-*-—:
ttH(ZzZ*) [ = f

ttH(tr) [ ———————

ttH(bb) .
7+8 TeV -—-—0—-—
13 TeV _ +
Combined —-.-—

ttH

The found excess at Run-T did
not continue at Run-Z; now the

result 1s quite SM-(ike.

Combined result:
+0.31

U=1.26 _55¢ (7+8+13 TeV)

obs. (exp.) significance: 5.20 (4.20)




7 X-sec vs. CM energy
= 0.9~ ATLAS
tt e Su tS = 0.8F EE Theory (NLO QCD + NLO EW)
Log T e
© 0.6

670 + 90 (stai.) j(l)g (syst.) fb

4 ATLAS measure ttH production with 13 0.5
TeV 2016 (and 2017) data, and combining 04
with Run-1 samples for the discovery 0.2
significance.
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4 Observation of ttH production. Mild (s [TeV]

excess but still agrees with SM Sgl. Strength modifiers
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Ref. PLB 784 (2018) 173



A CMS ttH (H-TT) candidate |, . ATLAS
pp — ttH ‘

‘ |—> IT —> € +Ve+V +Th*+V,
a— e — v
bW-— b+p-+vy

bW+— b+qg+q

An ATLAS ttH (I!—WV) candidate
with a Yy pair, | electron 4 jets (1 b-tag jet)
- M(Yy) =125.3 GeV




Measurement of H—bb Decay

4 The decay with the largest
branching fraction but it is also a
very difficult channel.

4 Main challenge from the MASSIVE
bb background from QCD
processes, ~10° times to the signal in
the target mass region.

4 Choose the production signature
associated with a W or Z, a.k.a. the
VH production to reduce the
background.

" % Heavily rely on b-tagging and
. multivariate analysis, too!

y @ bb+ee or UM
bb+e/p+MET

Y bb+MET

3
v 'S o
AIPSIII T
-.;-.‘It ‘s
SIS IS
T
o1

bj"
]
!
I
\ 2 Sl
o re
N ) K

'
o
ot
£
o
235
s

Py

)
Used to validate
analysis strategy



Events / 10 GeV (Weighted, backgr. sub.)

# ATLAS study of H—bb: Multivariate
analysis in 0,1 and 2 lepton channels.

#p Cross-checked with diboson VZ; result
consists with SM (u=1.20+0.20/-0.18).

observation of H—bb:; combined with
other Higgs decays: observation of VH
production.

H—bb peak w/ 80 fb-!

C ATLAS
- {s=13TeV,79.8 b
[ 0+1+2 leptons

S /B distribution

-o-Data _
I VH, H — bb (u=1.16)
tt

—eo— Data

B VH, H — bb (u=1.06) ]
Diboson —]

Y Uncertainty .

Dijet mass analysis

ATLAS
Vs=13TeV, 79.8 fb™

Events /0.35

[ Single top

W Z+jets
Multijet

Il W+jets
Diboson

C 2+3jets, 2 b-tags
- Weighted by Higgs S/B

3

:_l b b b b b P g g 1 |_:
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m, GV

Pull (stat.)

4 Combined with other production processes:

ATLAS H—bb Result

VBF+ggF

ttH

VH

Comb.

Ref. PLB 786 (2018) 59

Sgl Strength modifiers

T rr T T [ T+ r T+ ] © 11T ©~—— &1 1] § 11T 71T 1’17177 I T T T T
ATLAS H—>bb F_7Tev 8TeV and 13 TeV
Total Stat 4.7 0" 20.3 b, and 24.5-79.8 fb™
—Tota at.
Tot. ( Stat., Syst.)
1.16 1.01 +0.57
F ® - 1.68 j1.12 (X100 201 )
+0.56 4028 +0.48
——e—— 1.00 “)or  (Zo27 046 )
0.22 014 +0.17
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VH, H—bb (un1+2016+2017)

+0.22

n=0.98 _,>;

obs. (exp.) significance: 4.80 (4.90)
Combined with VBF/geF /ttH, H—bb

u=1.01 + 0.20

obs. (exp.) significance: 5.40 (5.50)
Combined w/ other Run-2 VH analyses

o +0.24
T3

obs. (exp.) significance: 5.30 (4.80)




CMS H—bb Result

Sgl. Strength modifiers

<51 (7TeV) +<19.8fb" (8 TeV) + < 77.2 fb™ (13 TeV)

4 3 reconstructed channels (0/1/2 leptons) with oS S
improved b-tagging and new b-jet energy o m—
regression. oo 260208 2 130

4 Cross checked with VZ(—bb), consistent with | m—— 253098+ 117
SM (p=1.0520.22). | =

# Nearly observation of VH production; combined v:: : ;::i::
with other processes confirm the observation of —
H—bb with full Run1+2016(+2017) data sets. L R R R A k

S/B distribution H—bb peak w/ 77 (mev) Ref. PRL 121 (2018) 12180l

5.1fb" (7 TeV) +18.91 ' (8 TeV) + 77.2fb™ (13 TeV)

10'F 3
CMS ¢ Data - b= - CMS ¢ Data —_
10 Vi oth i |y B o VH, H—bDb (run1+2016+2017)
st Background uncertainty = D VZ,Z—bb
10 3 Signal + Background .09)" 1000~ T S+B uncertainty
e : u=1.01 + 0.22
Z obs. (exp.) significance: 4.80 (4.90)

10°F 5 |
102 F ‘ 500

Combined with other productions

—_
o
T

u=1.04 + 0.20

& 1é H_in:é—J?i

5 e 0 e

& el obs. (exp.) significance: 5.60 (5.50)
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Ari:ATLAS WH (W (v, H—bb) A CMS ZH (H—bb) candidate
cand'i'c,!ate event collected in 2017 event collected in 2017

a Rl r - b+b
A

A - r 2" 4+ e

b-tracks
' \\—. .
b-tracks
.. rackKks ~

e*" tracks

e+

Remark: these events are just
' . 7/ .
candidates , since there are

still lots of background!




More Higgs

4 ATLAS search of H—cc¢
with 2016 data:

0(ZH)xBF(H—cc) < 2.7 pb

or u< 110 @ 95% C.L.

Ref. PRL 120 (2018) 211802

Studies

L L MR, V|
3 4567810 20 30
b-jet rejection

e M(up) S Limit vs. M(pp)

5.0t (7 TeV) + 19.8 fb™ (8 TeV) + 35.9 fb™ (13 TeV)

c T T
8 10* ATLAS Simulation

O _ 7 = c efficiency 41% |
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How about Higgs coupling
to the second generation?

o
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4 CMS search of H—>pu 'y~

E=E Expected (back d, 68% CL, 95% CL) .
P Emposd (M 125 Col with Run1+2016 data:

m,, [GeV]

= CMS All categories s ¢
% 10 Houu S/(S+B) weighted gw - CMS = Observed
O 11=0.7 for m =125 GeV ¢ Data 5 6F
8 | S+Bfit 5 -
E B B component = 1s.d. (2s.d.) € 5 -
c - C
S C

1 C
i o *f
3 B
c ()}
-% A P I PR B A B B
E 3 ' ' ' B component subtracted
27 tab e b g
< H } $ § # ¢
P _200F } , * D
110 115 120 125 130 135 140 145 150 120 121 122 123 124 125 126 127 128 129 130

m,, [GeV]

BF(H—p*u) < 6.4 x 10

or u<2.92@95% C.L.

Ref. arXiv:1807.06325
submitted to PRL



How about something

MOI’C nggS SﬂldiCS CUE T e oolic?

4 ATLAS search of

% 250_—‘ : ATLAS J E ATLAS
. -~ C \s=13 TeV, 35.6 fb”! 7 Z \5=13 TeV, 32.3 fb”"
H/Z—dvy/oy with 2016 data: ¢ | | 1] e
- / E 600—
BF(H—¢v) < 4.8 x 10+ U
- 4 Data 400~ ra—
BF(H—QY) < 8.8 x 10 Ny P ¥y e
501 |:|B(H—’*W)=4-8x10': 200_— ' |:|B(H—>m)=8.8x1(?:
BF(Z%q)‘Y) < 0.9 X 10_6 [ B@z—em=09x10 [ BZ—pr)=25x10
BF(Z eQY) <25x10° g;z LH +*++++++*+++*+*++**+++++++++++++++++++ g;z
[a] [m)]

80 90 100 110 120 130 80 90 100 110 120 130

Ref. JHEP 07 (2018) 127 _— M, (GeV] My, [GEV]

Limit on BF . Limit on DM
35.9fb™" (13 TeV) 35.9fb" (13 TeV)

!

° ° °
S # CMS search of H—invisible

1.4~ CMS 7 S =L CMS 90% CL limits

i Observed ] & B(H— inv) <0.22 >
1.2 - S%Ne N g 107 E \ =~ - Fermion DM W].th 20 1 6 data:

I --©- Median expected | = E

i ®wo 40 [ ~—— Scalar DM

1E . 68% expected o 10 ?_
I 95% expected 1074 é_ Direct detection

— LUX

BF(H—invisible) < 26%

o
o)

°
[<2)
LI I B B B
—_
o

1074 ! —— CDMSLite
' —— XENON-1T
-43 CRESST-II

| and constraints to Higgs-
10_ .................................. portal models of DM

1
! — PandaX-Il

95% CL upper limit on ¢ x B(H — inv)/o

o
~
T L

o
N

-Combined VBF-tag  Z()H-tag V(qq)H-tag  ggH-tag _471 II ”””10 II ""'1'02 II I””1I°3 Ref. al"XiVZ I 809.05937
e i submitted to PLB
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ATLAS Preliminary e Total Stat. B Syst. — SM
{s=13TeV, 36.1-79.8 fb"
my = 125.09 GeV, ly | <2.5

Total  Stat.  Syst.

ggF Fe 107+ 000 (= 007 .= 0op )

= 121+ 0% (= 018 = 033)

HE==== 157 o5 (* o3 +* o2 )

—H—— 074 32 (= 35 2 22

fH—=o—H 122+ 0% (+ 0 920

05 1 15 2 25 3 35 4

Strength modifiers
for each production

35.9fb"' (13 TeV)

CMS ® Observed
== +10 (stat ® syst)
| — =20 (stat @ syst)
= 110 (Syst)
ggH =
— ———
VBF :
WH i
ZH :
ttH _._5
w e
IIIIIIIIIilIIIIIIIIIIIIIIIIIIIIIIIIIIII

[0} 0.5 1 1.5 2 2.5 3 3.5 4

ML|_25_IIIIIIIIIIIIIIIIII\‘\\IIIIIIIIIIIIIIII_
“L ATLAS Preliminary + Bestfit |
[ Vs=13TeV,36.1-79.8 b —68%CL ]
2;m,_,=125.09 GeV,ly | <25 ----95% CL 1
- * SM
151
1 (A\
i — Combined — H-yy "'
0'5:_ —H-2Z H—-Www
H—bb —H-11
1 I 1

7||||||||||||||||||
0 02 04 06 0.8

IIIIIIIIIIIIIIIIIIII7
1 12 14 16 18 2

Ky
Fermion/boson
Coupling
N I ' '35.|9fb"1(1'3T9V)'
3 - CMS
2_ —
> Sf/l pected
1.5 —
b ]
" [ JH=bb [JH-w
0'5__E|H—>zz [JH—yy ]
- [JH—ww [Jcombined 1
A T2
Ky

Combination @ 13 TeV

4 Combination of all Higgs
production and decay
channels at 13 TeV and
check the overall
consistency of the
couplings:

Ref. ATLAS-CONF-2018-03 1

ATLAS global strength:

S +0.09
=113 og

arXiv:1809.10733, sub. to EPJC
CMS global strength:

u=1.17 + 0.10

Results are v agreement

with the SM stl(!



Higgs Checklist

-

TASK CHECK?

Discovery of the boson itself v

Observation of ggF production .

The Higgs Boson is still
Observation of H—=ZZ" decay

Prettg much SM-like so far!
L

W,
And the excesses fade away with more data...

Observation of H—vyy decay
Observation of H=WW* decay
Observation of VBF production

4 Only 6 years since the discovery —
we already observed / tested many
Higgs decays and properties!

Observation of H—1t decay
Observation of ttH production

Observation of H—=bb decay

#» However the Higgs boson is still
very unique and requires a lot of
further tests, in particular those
properties associated with

What's the next? electroweak symmetry breaking...

Observation of VH production

~NIS SIS NSNS

H—pnp decay
2777




T'op Physics @ LLHC

4 Precision measurement of top cross section.

- Top (pair/single) production rate at high center of mass energy:.

4 Large top production rate at LHC — A TOP QUARK FACTORY

— Use top quark as a calibration source Top cross section at LHC
(e.g., a very clean source of b-jet). it 0% ub nok Foo far
- High precision determination of top quark mass. from Y(4S) at B-factory
~ Test of spin/polarization, asymmetries, etc. (1.2 ub)!
- Probing electroweak couplings and top rare decays. | g f
4% New physics heavier than the top quark i
. . g t
- Heavy new particles decay with
(high-pr) top in the final state. g t
R - 19 4
=120 M top quark pairs hav g t

Q|
~I




State of Arts: tt Production

T T | T T T ] 1 11 — 1 ' T T 1 r r Tt ] T T 1 ] /W/l/ BeSt Single Channel

Tevatron combined 1.96 TeV (L < 8.8 fb .
CMS dilepton, |+jets 5.02 TeV EL =2 pg ) ATLAS+CMS Preliminary Sept2018

I

ObOr<l<«E<«<OEHOHEO< |

RS LHCtop WG measurements at 13 TeV:
Ref. PLB 761 (2016) 136
ATLAS epw/ 3.2 fb!

ATLAS en 8 TeV (L =20.2 fp
CMSeu8TeV (L=19.71b")
LHC combined eu 8 TeV éL 5-3-20.3 b’ b LHCtopWG
ATLAS en 13 TeV (L=3.

CMSeu13TeV (L=2.21fb )

CMS eu 13 TeV (L=35.610™
ATLAS ee/uu* 13 TeV (L = 85 pb, )
ATLAS I+jets 13 TeV (L=85 pb
CMS l+jets 13 TeV (L=2.2fb™)
CMS all-jets* 13 TeV (L = 2.53 ™)

* Preliminary

—
o
w

I IIIIII|

L L1 iill

I
|

Inclusive tt cross section [pb]

900F .

818 £8stat) i2'7(syst) +191umi) Pb

-
o
N

I IIIIII|

800F :
| ‘ Ref. CMS-PAS TOP-17-001

CMS ey w/ 36 fb!

| llllll|

700F .

NNLO+NNLL (pp)
NNLO+NNLL (pp) L
Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 13 Vs [TeV]
NNPDF3.0, m = 172.5 GeV, ay(M,) = 0.118 x 0.001

I
|

10

lll|

803 £2(stat) £25(syst) £20(umi) pb

> 4 6 8 10 12 14
(s [TeV] NNLO+NNLL calculation:

e —————————— (mtop = 1725 GeV)

832 i29(scale) i35(PDF) i23(mass) Pb

Experimental precision (fotally

systematic dominant!) reached ~4%:; : T
theory precision is around 6% . Must go differential!



Better modeling vs. pr(t)

of MC 15 Fruly cus_ mow'maTey cus 3o Tey

— ] —— » — —————
% 102 | Dilepton, parton level H -8|%’ I Dilepton, parton level §
. E 3
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o] el 3 -

Clo 107 g T 3 Biiaes B

Amle) E ¢+ Data _ 3 N h
s " - —— POWHEGV2 + PYTHIA8 o 7 PTNIEY T,
CMS dlff r ntl 1 1074+ NNLO+cg,, (LUXQED17) m = 173.3 GeV 5 + Data
e e a. F ¢ NNLO+ad, (LUXQED17)m =1725GeV — = ™ Tov 7 ' . POWHEGV2 + PYTHIAS

S ¢ NNLO+o,, (NNPDF3.1) m = 173.3 GeV b 0.1+ 4+ NNLO+cd,, (LUXQED17) m = 173.3 GeV —
. . 105 + NNLO+NNLL' (NNPDF3.1)m = 173.3 GeV — - . 4 NNLO+oi, (LUXQED17) m = 172.5 GeV A
cross sections with S L e e s e
C aN°LO (NNPDF3.0) m = 172.5 GeV ] r . aN’LO (NNPDF3.0) m, = 172.5 GeV b
s 1078 & ¢ aNNLO (CT14NNLO) m, = 1725 GeV _ r t aNNLO (CT14NNLO) m, = 172.5 GeV 7
’1 t tt > = I L > e
5ls o E 5|s o Stat ® Syst E
dilepton e [ oo - P T
l—ED - Stat B l—ED1-1, ] ‘,
1.2F P o Fl 4 H
R f C H,?*‘;“\ **? '“ *? ! ‘ X: =
e o 1 T b = “ ] ]

arXiv:1811.06625, s w0 s
submitted to |HEP

t-jet mass vs. pr(t) vs. m(tt)
- ———— e il \ \ \ o ] o 0T T o 3
© 200 ATLAS Signal region — > ATLAS s Data > F ATLAS e baa 3
© - Vs=13TeV,36.1 fb" = S 10" (5=13TeV,36.1 fb" PWG+Py8 = 2 C 5=13TeV,36.1 fb” PWG+Py8 ]
@ 180 Ot (al-had) ¢ Data201542016 =  Partonlevel PWG+H7 3 - Parton level - PWG+H7
S 160: -tsi(non all-had) -gtat_ Unc. S = o C pt'> 500 GeV, p({2>35° Gev e nsﬁr?s_ar\gc;@1NLO+Py8: € 10 pt'> 500 GeV, p«T,e>350 Gev e |\S/|é35_,;.1r\é|c2;@1NLO+Py8—E
> — Il Single top tat. @ Det. Syst. Unc. | | © o erpa 2.2. = o E T erpa 2.2. 3
it E Wiz Stat ®Tot. Syst Une. 3§ |~ jol Stat. Unc. _ T - Stat. Unc. ]
140:_ I Multijet 3 | _g Stat. ® Syst. Unc. 3 -8 I Stat. ® Syst. Unc. *
il a4 1 = . " 1= =
120F : & : it : E
- = — ] — C o 1
= 3 - ] 107" =
2 E 10 . - g
3 E : ] 107 =
= = 10°E - - ]
T | — ’ —
5 E 5| 15 5| 1.5F
95 . | g 4 JE et :
Tl e S R g& & R
'k SN S S S . 2 o5 g
= | o ' o '
o 140 160 180 200 220 | 500 600 700 800 900 1000 1100 1200 1 1.5 2 25 3
Leading large-R jet mass [GeV] | p. [GeV] mi [TeV]

tt Ditferential Cross Sections

CMS 35.9 b (13 TeV)
% 1072 £ Dilepton, parton level =
O] F ) 3
—_ " Eae — e |
olem 103 ) 3
© .g = e 3
—lo u e 1
10 =
E ¢ Data 3
E — POWHEGV2 + PYTHIA8 —=agao 3
5[ 1 NNLO+al,, (LUXQED17)m, = 1783 GeV b
107 £ 4 NNLO+ai, (LUXQED17) m =172.5 GeV —
E & NNLO+ad, (NNPDF3.1) m =173.3 GeV 3
[ ¢ NNLO+NNLL'(NNPDF3.1)m =1783GeV 1
076 ¢ NNLONNLL' (NNPDF3.1) m = 172.5 GeV |
E ‘ ST E
Sl . ,F Stat @ Syst E
o|(® 1'4: Stat E
fall[a) C i 3
FIT 12k bisio ety =
1E P
= R |
087t
0.6-

7000
m,; [GeV]

ATLAS differential

measurements with
boosted hadronic top

l«u'gl«\ PT hadronic
fop quarks!
(5500, 350 GeV)

Ref. PRD 98 (2018) 012003



State of Arts: Top Mass

dominant alread

ATLAS+CMS Preliminary My SUMMary, Vs = 7-13 TeV November 2018
LHCtopWG
"""" World comb. (Mar 2014) [2] tIt—llt—'t'—|—| 3 i A 4
Otal sta
- Alternative methods (e.g. with kinematical
otal uncertainty m,,, + total (stat = syst) Vs  Ref.
LHC comb. (Sep 201 3) LHCtopWG 173.29 =+ 0.95 (0.35 = 0.88) 7TeV [1] d o b h d l o .
World comb. (Mar 2014) 173.34 = 0.76 (0.36 = 0.67) 1.96-7 TeV [2] en po l n t, o a rOn Z'fetl me/ e tC are not yet
ATLAS, l+jets 172.33 = 1.27 (0.75 = 1.02) 7 TeV [3]
ATLAS, dilepton 173.79 = 1.41 (0.54 = 1.30) 7TeV [3] b h J 1
RS, ol s e very accurate, but can have some potentia
ATLAS, single top 1722+ 2.1 (0.7 = 2.0) 8 TeV [5] g X z o pe
ATLAS, diepion r20-085 0412070 s improvement with the upcoming statistics.
ATLAS, all jets 173.72+1.15 (0.55 = 1.01) 8 TeV [7]
ATLAS, l+jets 172.08 = 0.91 (0.39 = 0.82) 8 TeV [8]
ATLAS comb. (Oct 2018) 172.69 = 0.48 (0.25 = 0.41) 748 TeV [8] VS m(tt) AR(qq)
CMS, l+jets 173.49 = 1.06 (0.43 = 0.97) 7 TeV [9] CMS 35.9 fb" (13 TeV)
CMS, dilepton 172.50 = 1.52 (0.43 = 1.46) 77TeV [10] = [ om S A AN ]
CMS, al! jets 173.49 = 1.41 (0.69 = 1.23) 7 TeV [11] O, Al ° ;‘é‘ggg?&ﬁxﬂlﬂﬁ‘m ] o, ° ;%‘;V';E?Fzﬁx'\]"ﬁ‘n :
CMS, l+jets 172.35+ 0.51 (0.16 = 0.48) 8 TeV [12] gA L A MG5 P8 [MLM] M1 f N 3F & MGS5 P8 [MLM] M1 -
CMS, dilepton 172.82 = 1.23 (0.19 = 1.22) 8TeV [12] _CE_ i POWHEG H++ EE5C 'CE"' 2i POWHEG H++ EE5C ;
CMS, all jets 172.32 + 0.64 (0.25 = 0.59) 8 TeV [12] Y 2F - \|/ :
CMS, single top 172.95 + 1.22 (0.77 = 0.95) 8 TeV [13] ca n 9 (o) 23 | JA 1 2
CMS comb. (Sep 2015) 172.44 = 0.48 (0.13 = 0.47) 748 TeV [12] 2 s E éi%f% ________ 1, =
CMS, l+jets 172.25 = 0.63 (0.08 = 0.62) 13 TeV [14] d f {
CMS, dilepton 172.33 + 0.70 (0.14 = 0.69) 13 TeV [15] l %f'e Y'Q “ l a L i g ]
CMS, all jets 172.34 = 0.79 (0.20 = 0.76) 13 TeV [16] { { ' -2r 7 E ]
[1] ATLAS-CONF-2013-102 [7) JHE! 09(0 ] 18 [13] EPJC 77 (2017) 354 —oF .
[ EnPhysdO7s G015) 300 [ 13 o1 1 (151 OMS PAS TOP-17-01 as Wwell. I ] - ]
(o ATLASLCONF 201085 e JEAEQ e reeus s Torrase _4+ i s ]
[6] Phys.Lett.B761 (2016) 350 [12] Phys. y D93 (2016) 072004 : :
N B TR N R R S SR R A ’””é(‘)(‘)”““‘1‘0‘0‘0‘”‘”‘1‘5;00 “““ ‘1 “““““ 2‘ “““““ 3‘ “““““ ;1
170 175 180 185 g [GeV] AR,

My, [GeV]
— Ref. EPJC 78 (2018) 891

ATLAS 7+8 TeV combine CMS 7+8 TeV combine

172.69 £ 0.25 + 0.41 GeV 172.44 £ 0.13 £ 0.47 GeV
Ref. arXiv:1810.01772, submitted to EP|C Ref. PRD 93 (2016) 072004




CMS Preliminaﬂ

ole & PDF
Ols, M

xxxxxxxxxxxx { T
L, 1+

—— as(MZ) with total unc.
— data unc.

— PDF unc.

—— punc.

— m, = 1 GeV unc.

xxxxxxxxx T T

[| |— wunc.

Il |— oq = 0.001 unc.

[N M)y (tD)]

—e— m*"* with total unc.
— data unc.

— PDF unc.

T w
21 xg(x) u2=30000 GeV* NLO

-] HERA
' [] HERA +1t

\)§

1072 107"

£1.2- x3(x) y*=30000 GeV* NLO s
N
b

ABMP16 %4 ABMP16 'ﬁ
HERAPDF20 h@i HERAPDF20 $
CT14 Igi CT14 I%_Iqi
World average [PDG2018] @+ | World average [PDG2018] —e—i
L L | L L L L l L L L L l L L L 1 l L L | L | L L | L L L L l L L 1 | | L L L L
0.09 0.1 0.11 0.12 0.13 165 170 175
ag(M,) mP°"° [GeV]

PDF w/ uncertainties
sy, PDF w/ uncertainties  Ji
T T T T 1717 w T T T T 17T T T T T T 11T T T T T T T T T 11T w

TTTW

-] HERA
' [] HERA +1t

1
0.8 -
XHH llHl \I I L1l
1073 1072 107" 1
) X

HERA + CMS tt

o
i

1/c do/dy(tf)
1
o

o
—

0.05¢

Ratio
O ==
Y P CES

CM S. Preliminary 3D X-SecC

35.9 fb" (13 TeV)
[ T 7T T r~r1y"r1r1r"1r 11 "TrrryTrrTIrT I Tr T It
300<M(th) T 400<M(if)] 500<M(th) | 300<M(if)] 400<M(if) | 500<M(tf) | 300<M(tf)| 400<M(tf)| 500<M(if) ¢ Data, dof=35
<400GeV | <5600GeV 1500GeV | <400GeV | <500GeV k1500GeV | <400GeV | <500GeV k1500GeV POW+PYT. +2=50
N=0 N=0 N=0 N=1 N=1 Ng=1 N> N> Ne>1| A=
--- POW+HER, ?=66

-= FXFX+PYT, 52=63

POW4PYT unc.

y(tt)

4 New result from CMS: based on
triple-differential measurements

of tt cross section in m(tt), y(tt),
and # of additional jets at 13 TeV:

Extract the strong coupling
strength o, and top pole mass
with external PDFs.

Or a simultaneous fit to PDFs,
as, and pole m; — the tt data
have a significant impact on
the gluon PDF at large x!

Ref. CMS-PAS-TOP-18-004



Single Top Production

-------------------------------------------------------------------------------------------

. t-channel: already enter precision
: regime, can be used to derive other
: parameters, including Vtb.

------------------------------------------------------------------------------------------

" ATLAS+CMS Preliminary
L LHCtopWG

~ Single top-quark production
| November 2018
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PRD90(2014) 112006, EPJC 77 (2017)531,
JHEP 04 (2017) 086

CMS t-channel
JHEP 12(2012) 035, JHEP 06 (2014) 090,
PLB 772(2017)752

ATLAS tW
PLB 716(2012) 142, JHEP 01(2016) 064,
JHEP 01(2018)063

CMS tW
PRL 110 (2013)022003, PRL 112 (2014) 231802,
JHEP 10(2018) 117

LHC combination, tW

ATLAS-CONF-2016-023, CMS-PAS-TOP-15-019

ATLAS s-channel
ATLAS-CONF-2011-118 95% CL,
PLB 756 (2016) 228

CMS s-channel

JHEP 09 (2016) 027 95% CL

X 7+8 TeV combined fit 95% CL

== NNLO pLB 736 (2014)58

scale uncertainty

== NLO +NNLL Prp83(2011)091503,
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tW: tf contribution removed
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--------- " tt background but
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: s-channel: very
. challenge process, :
""""" not yet fully
measured.

-------------------------------------------------

There are smaller processes
(6¢Tpb!) can be still

measured tn fact!



Events / 40 GeV

Data/Pred.

Observation of tZq

4 Single top quark in association with a Z boson is observed with CMS
2016+2017 77 fb data

4 Based on a very clean trilepton+b-jet events + BDT analysis for
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background discrimination with | M(L €)M, | <15 GeV.
Ref. CMS-PAS-TOP-18-008
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t/.q Production and Others

# ATLAS search of Jusfa (1ttle bit shy from 56!
4 Look for 3-leptons + [el (exp.) significance:

2 jets (1-b-tagged); 2y Bito)

final discriminant Ref. PLB 780 (2018) 557

with NN.
Q\H/ -
Evidence

\Y

4 CMS search of single o 5 " as well!
t+y with 2016 data. b 1 ,,L "

4 Look for u+y+2 jets /Nv:
(1-b-tagged); final

discriminant with
BDT obs. significance: 4.40

o =115 17 £30 fb

Ref. PRL 121,221802 (2018)



Top Spin Correlations

Same helicity Opposite helicity
4 Spins of top pairs are strongly 2 tR a (R

correlated at the production:
- Low M(tt): RR/LL dominate
- High M(tt): RL/LR dominate

g—>/c—8 §—>/¢—8

M%’Topquarkdecaysbefore ||||I|L|||||||||||l||i|||||||E

. : s : 103 ‘ = ha —

hadronization; spin information \ = Wi
transferred to daughter particles. § 1% &7~ ;

1015.'

4 SM-extended models can modify
spin polarization and correlation
of top quarks though new mediator
or new heavy particle decay to top.
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Excess of Deviation!?

4 ATLAS spin correlation analysis with top decay
pair decays from 13 TeV 2016 data:

- Very clean dileptonic tt sample (ept) used.
— Check the A} between the two leptons; no

needs of kinematic reconstruction.

- Extract the fraction of SM-like spin correlation
(fsm) from fits to the unfold parton level data.
Ref. ATLAS-CONF-2018-027

M(tt) region Sig. (inc. TH unc.)
<450 GeV 1.11+0.04+0.13 0.850 (0.840)

SIES®A 1.17+0.09+0.14 1.000 (0.910)

I M@ 1.60+0.24+0.35 1.430 (1.370)
>800 GeV 29241:6+2 .3 0.410 (0.400)

-----------------------------------
R3 .

|t RS A e 1.250+0.026+0.063 :3.700 (3.200) :

- o
-----------------------------------

3.26 deviation w.r.t. the NLO prediction




' Adding more “N” might help?

0.50 [T T T e
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. It seems that the recent
. NNLO calculations A general
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https://indico.cern.ch/event/746611/

Ref. CMS-PAS-TOP-18-006

CMS Results

CMS Preliminary 35.9 b (13 TeV)
‘ T ‘ T ‘ ‘ T ‘ — ]

o) %z 051 Unfolded Data - NLO, SM_
N e R
4 CMS measures op quark polarization and o =
spin correlations using 2016 13 TeV data. 03l = |

4 Parton-level differential cross sections
which are sensitive to the spin-dependent
parts tt production density matrix are
measured.
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Wrap up: the Standard Model

Standard Model Production Cross Section Measurements Status: July 2018
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Wrap up: Beyond the SM...

Dark matter
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Wrap up: Beyond the SM...(cont.)




Not foo much Fime

LHC Outlook & Plan e

LS1 EVETS)| LS2 14 TeV LS3 14 TeV
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4 HL-LHC is just ahead of us, expected to collect 3000 fb " of data; maximize the

reach for the searches and for precision measurements.

. 4 All experiments plan to upgrade the detectors during either 2019-2020 or
2024-2026 for HL-LHC environment (tolerance with a much higher pile-up, aiming

for a higher precision, etc).
= LHC will operate till ~2037; only ~5% of the collisions delivered so far!



Summary

4 LHC continue to explore the Terascale regime!

# On the Higgs boson: this year the ttH production and B—bb
decay are finally observed with new 13 TeV data. The boson
is very consistent with Standard Model expectations, still.

4 On the Top quark: high quality measurements are carried
out by the LHC experiments. Precise measurements require
precise calculations for a better understanding /modeling of
the data.

4 Measurements of SM processes show good agreement with
predictions. No sign of new physics so far and the left space
of SM-extended models is squeezed.
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